Purpose Extended bone defects of the proximal femur can be reconstructed by megaprostheses for which aseptic loosening constitutes one of the major failure modes. The basic requirement for long-term success of endoprostheses is primary stability. We therefore assessed whether sufficient primary stability can be achieved by four different megaprostheses in a standardised bone defect of the proximal femur and whether their different design leads to different fixation patterns. Methods Four different designs of proximal femoral replacements were implanted into 16 Sawbones® after preparing segmental bone defects (AAOS type II). Primary rotational stability was analysed by application of a cyclic torque of ±7 Nm and measuring the relative micromotions between bone and implant at different levels. The main fixation zones and differences of fixation patterns of the stem designs were determined by an analysis of variance. Results All four implants exhibited micromotions below 150 μm, indicating adequate primary stability. Lowest micromotions for all designs were located near the femoral isthmus. The extent of primary stability and the global implant fixation pattern differed considerably and could be related to the different design concepts. Conclusions All megaprostheses studied provided sufficient primary stability if the fixation conditions of the femoral isthmus were intact. The design characteristics of the different stems largely determined the extent of primary stability and fixation pattern.
Introduction
Extensive bone defects of the proximal femur may require the implantation of megaprostheses to bridge the defect and preserve the limb [1] [2] [3] . These bone defects can be the result of tumour resections [1] and bone loss due to aseptic loosening of total hip arthroplasties (THA) [3, 4] or fractures [3, 4] . In the literature, high complication rates of such megaprostheses have been reported [1, 2, [5] [6] [7] . Apart from infection, aseptic loosening constitutes the major failure mode leading to operative revision in 8-27 % of patients [1, [5] [6] [7] . These high complication rates may be caused by the extent of the defects [8] resulting in impaired fixation. However, in consideration of the predominantly younger age of patients undergoing oncological resections, these complication rates seem to be unacceptable.
Aseptic loosening is the consequence of deterioration of secondary stability of the implant in the bone, for which its primary stability is the basic requirement [9, 10] . Different fixation methods have been developed to achieve adequate primary stability, which is reflected by differing design characteristics of the commonly used implants.
The aim of this study was to analyse the primary stability of proximal femoral replacements by pursuing different fixation concepts under standardised conditions. This might provide an understanding of the extent and mode to which primary stability is provided by the different implants and help the orthopaedic surgeon to choose the appropriate implant for endoprosthetic reconstruction of extensive proximal femoral defects.
Our assumption was that adequate primary stability can be achieved with the studied implants (hypothesis 1) and that the different design characteristics of the implants result in diverse fixation characteristics (hypothesis 2).
Material and methods
Sixteen synthetic femora (composite bone 4th generation [#3406], Sawbones® Europe, Malmö, Sweden) were divided into four groups (Groups A-D; four femora each). To simulate a bone defect as encountered after resection of a tumour of the proximal femur, a segmental AAOS Type II defect [11] was created by osteotomy of the Sawbones® five centimetres distal to the lesser trochanter. Four stems of implant systems with diverse design characteristics ( Reaming and rasping of the synthetic femora were performed with implant-specific instruments by an experienced surgeon. To achieve a press-fit similar to surgery [12] , the stems were implanted according to a standardised protocol (25 axial load cycles of 2000 N and 25 axial load cycles of 4000 N) [13, 14] using a material testing device (Frank-Universalprüfmaschine 81816/B, Karl Frank GmbH, Weinheim-Birkenau, Germany). The implant fit and sizing were checked by X-ray examination.
Using a well-established, implant-stability measuring device [13] [14] [15] , a cyclic torque of ±7 Nm was applied around the stem axis to classify the rotational implant stability. During load application, six LVDTs (differential transducers Type P2010, Mahr GmbH, Göttingen, Germany) were attached to Table 1 Design specifications of all four stems each measurement point to determine the micromotions at different levels ( Fig. 1) along the stem axis between the bone and the implant. Four measurement points were defined ventral to the stem [0.5 cm distally (#1), 5 cm distally (#2) and 9.5 cm distally to the proximal end of the stem and at the distal tip of the stem (#4)]. Six measurement points were located on the femur. Four femoral points (#5-8) were located directly corresponding to the stem points (#1-4). Additionally two points, located 20 cm distally (#9) and 30 cm distally (#10) to the lesser trochanter, were placed to achieve a higher resolution of the femoral motion. Comparing the motion of the stem and the femur at different levels allowed the calculation of relative micromotions at the bone-implant-interface.
Statistics
An analysis of variance was performed to determine the main fixation zones for each stem separately. Additionally, an analysis of variance was applied to identify differences between the stems regarding their fixation behaviour and their range of relative motion. A "least significant difference" test (LSD) was used as a post-hoc test. A p-value <0.05 was considered to be significant. Data were expressed as means±SD (standard deviation). In contrast to the remaining measurement points in group A, the micromotion at the distal tip was significantly increased (all p<0.01). Compared to both ends of stem in group B, significantly lower micromotions were detected within the whole isthmus region (proximal isthmus vs. all: p<0.01, and distal isthmus vs. all: p<0.03), whereas motion at the end of the stem showed no relevant difference. Within group C, proximal motion significantly higher compared to the distal isthmus region (p=0.01). The micromotions of the proximal part of the stem including the whole isthmus region were significantly lower compared to the distal tip of stem in group D (all p<0.01).
Results

Lowest
Compared to groups A, B and C, the global range of motion of group D resulted in significantly less relative micromotions (p<0.01). However, if the micromotions are converted from mdeg/Nm into μm with maximum hip joint loads of 35 Nm [16] , all groups showed micromotions of less than 150 μm (a maximum value of 102.33 μm occurred within measurement point #1 in group C).
Discussion
Extensive bone defects of the proximal femur following tumour resection or aseptic loosening of THA may require the implantation of megaprostheses. High complication rates after implantation of such proximal femoral replacements have been reported with aseptic loosening being a major failure Fig. 1 Defined measurement points of the implant (orange; #1-4) and of the bone (blue; #5-10) at different measuring levels mode. As aseptic loosening is related to the primary stability of the implant [17] , the object of this study was to analyse whether adequate primary stability of the megaprostheses can be achieved to permit osteointegration (hypothesis 1). Furthermore, it should be analysed whether differing designs of the proximal femoral replacements have the intended impact on their fixation properties (hypothesis 2).
To allow osteointegration of the uncemented prosthesis relative motions of more than 150 μm between bone and implant are considered to be critical [9, 10, 18] . This threshold for primary stability was not exceeded by any of the implants with regard to their overall primary implant stability. It can therefore be concluded that sufficient primary stability seems to be achieved with the studied prosthetic designs in the given Fig. 2 Rotational stability of the Megasystem-C® stem, the MUTARS® stem, the GMRS™ stem and the Segmental System stem in mdeg/Nm defect situation. We expected this, and hypothesis 1 is therefore confirmed.
These findings do not explain the observed high rates of aseptic loosening of megaprostheses [1, 2, [5] [6] [7] . The discrepancy between our study results and the mechanical failures might be explained by other varying factors that can affect loosening and which we did not consider in this standardised biomechanical study. These include patient age, gender, diagnosis, experience of the surgeon, geometry of the femoral canal, and bone quality [19] [20] [21] [22] .
As surgeons are confronted with different bone defects and diverse fixation conditions, understanding the type of fixation of the different implants can be helpful in choosing an appropriate prosthetic design. We suspected an influence of diverse design characteristics on fixation pattern (hypothesis 2) and therefore compared the type of fixation of four different megaprostheses by interpreting the relative micromotions between bone and implant at different levels.
Apart from some modifications, the GMRS™ (group C) has been in clinical use for about three decades [8] and its fixation parts are cylindrical, porous-coated, straight stems of titanium with round fins on the proximal portion (Table 1). With this design a fixation over a longer distance in the narrowest bone area and with the fins close to the proximal osteotomy can be expected. We observed a homogeneous fixation pattern with less relative motion on the distal third of the fixation area. This only partly reflects the expected fixation by the design. The homogeneous force transmission could be attributed to the cylindrical stem. But in contrast to the expected proximal accentuation of fixation, the observed fit at the distal portion might be caused by a close contact of the straight stem in the bowed femur.
The MUTARS® system (group B) can be characterised by a bent design with a cylindrical hexagonal titanium stem, which is coated with hydroxyapatite to enhance bony ingrowth. The cylindrical stem should transmit the forces over a longer distance to the bone. As expected we found a homogenous fixation pattern of MUTARS®, which resembled the behaviour of the GMRS™. But in contrast to the latter, a decrease of relative motion in the distal part of the stem was not observed. Unlike the GMRS™, MUTARS® is characterised by a bent stem. Therefore higher local stress in the curvature of the femur might be avoided, which could explain the difference of fixation patterns between these cylindrical implants.
The Megasystem-C® (group A) have a conical shape with longitudinal fins and a porous-coated surface of titanium. The intended fixation principle is to lock with its conical stem in the isthmus of the femur. This corresponds to the detected fixation pattern. We observed an area at the proximal third of the implant, which exhibited small relative motions. Proximal and distal to this area greater relative motion was detected, indicating less rigid fixation of the implant.
The design concept of the Segmental System (group D) is different from those already described. It also has a cylindrical stem, but consists of more rigid CoCr alloy and has a fluted stem, which is double slotted at the distal third and round at the very proximal part. As a consequence a homogenous fit of the proximal two-thirds could be expected. Above the osteotomy, a Trabecular Metal™ sleeve is attached to the stem to enhance osteointegration. Surprisingly, an absolutely tight fixation of the proximal third of the stem was observed. This might have been caused by reaming to the internal diameter of the fluted part and pressing in of the wider non-fluted proximal part. However, the Trabecular Metal™ sleeve is attached to enable bony ingrowth, but in our experimental setting we did not expect a relevant stabilising effect. Therefore we did not consider the Trabecular Metal™ sleeve to be responsible for the proximal implant fixation. At the distal part more relative motion was observed. This is attributable to the double-slotted design, which can reduce local high stress at the tip of the more rigid stem compared to the titanium implants. Consequently the probability of diaphyseal stem pain might be decreased. Considering the absolutely tight fixation at the proximal part, care should be taken intraoperatively to avoid periprosthethetic fractures while driving in the implant.
Although all implants provided adequate stability in the simulated bone defect, differences in the type of fixation could be determined. These could be related to the different design characteristics which would confirm hypothesis 2.
Based on our observations, different implants might be appropriate for different bone quality and defects of the preserved bone. For patients with good bone stock of the femoral isthmus, all megaprostheses that we studied seemed to have sufficiently small micromotions and therefore might achieve adequate primary stability to allow osteointegration of the implant. However, the Segmental System provides absolutely tight fixation and the attached Trabecular Metal™ sleeve should additionally enhance the bone ingrowth in vivo.
If the bone structure and quality of the entire femoral isthmus is compromised and if cementless fixation is intended, a more homogeneous fixation with the MUTARS® or GMRS™ system might be more favourable to avoid areas with higher local stress and decrease the associated fracture risk.
For defects of the very proximal isthmus, the conical Megasystem-C® might lock in the narrowest part of the isthmus below the defect. If more than the proximal third of the isthmus is affected a more homogeneous fixation should be chosen.
In cases of compromised bone of the distal isthmus, the Segmental System or Megasystem-C® might be appropriate due to their more proximal fixation pattern.
This study has several limitations. Instead of human specimens, Sawbones® were used as a synthetic testing medium. Although comparable characteristics of Sawbones® and human bone have been determined within biomechanical studies [23] , we cannot exclude possible differences of the extent and pattern of fixation compared to in vivo. These might be influenced by variations while reaming and implanting the prostheses as well as diverse behaviour of the Sawbones® and implants during measurements. However, in previous biomechanical studies using the same experimental protocol [13] , we were able to substantiate clinical observations with valid and reproducible findings, which we also assume for the results of this study.
With the method used, we can only evaluate the primary implant stability. A biological process of osteointegration with the resulting effect on implant fixation is beyond the scope of this study. While drawing conclusions from implant stability on osteointegration of the tested systems, it should be borne in mind that HA coating (MUTARS®) and the Trabecular Metal™ sleeve (Segmental System) could also influence this biological process.
Analysis of fixation patterns is based on the interpretation of the measured relative micromotions between implant and bone. It constitutes therefore a descriptive method, which does not provide evidence for the reported fixation characteristics. This limitation should also be considered for the assessment of implant fixation properties and their implications for different fixation conditions.
We conclude that the studied megaprostheses of the proximal femur might achieve an adequate primary stability to permit osteointegration in an AAOS type II segmental bone defect if the bone structure of the isthmus is not further compromised. Differing design characteristics of the anchoring stems seem to result in diverse fixation patterns and the extent of primary stability. An understanding of these differences and their effects on fixation patterns might help the surgeon to choose the optimal implant for impaired fixation conditions even for implantation of a proximal femoral replacement. This could contribute to lower rates of aseptic loosening of megaprostheses of the hip joint.
